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Abstract 
Cadmium selenide based solar cells can improve their performance when cadmium selenide layer 
of a device is treated with cadmium chloride solution. Measurements show that an NIP junction 
superstrate solar cell that has polycrystalline n-type layer of cadmium selenide and organic P3HT 
layer of p-type with gold contacts on it can improve their short-circuit current density from as low 
as 0.4 mA/cm2 before cadmium chloride treatment to 2.5mA/cm2 after cadmium chloride 
treatment for 10 hours at 450C. Open circuit voltage of such devices reaches about 0.7 volts only 
slightly improving after the treatment. Longer treatments are shown to improve device 
performance but there’s limit to it. Beyond certain duration the short circuit current doesn’t change 
since the cadmium chloride solution penetrates as deep as possible; hence cadmium selenide layers 
thicker than 1 micron are undesirable and do not yield better currents. SEM images show the 
considerable growth of cadmium selenide grain sizes after treated with 2% water solution of 
cadmium chloride either for 2 or 10 hours. Moreover, grains not only grow but also recrystallize 
into more well defined forms. 
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Introduction 
Solar cell is an electronic device which can absorb light (sunlight in particular) and directly convert 
it to electricity. In principle this can be done by many different materials, however PN junctions 
made from semiconductors are the most efficient in accomplishing this. When sunlight is incident 
on a solar cell current and voltage are built up, thus the electric power is created. More specifically, 
when a photon is absorbed in a PN junction solar cell the accumulated energy creates electron-
hole pairs which are separated by the junction and flow into the external load (Figure 1). 
 
Figure 1: Cross-Sectional view of a PN junction solar cell. 
The four basic processes which govern the photovoltaic conversion are: 
(i) Absorption of incident photons 
(ii) Generation of free electron-hole pairs 
(iii) Transport of photo-generated carriers 
(iv) Collection of photo-generated carriers 
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In order to understand how these processes are carried out by PN junction solar cells we need to 
know the basics of how PN junctions operate. PN junction is made by putting p-type and n-type 
semiconductors in intimate contact. As a result a region in between is created which is depleted of 
free charge carriers, but has local nonzero net charge which creates the built-in voltage. Initially 
electrons from n-type and holes from p-type semiconductors will diffuse into one another until the 
built-in voltage becomes large enough and the electric field stops the diffusion (Figure 2). 
 
Figure 2: Built-in electric field opposes the diffusion of free charge carriers. 
In order to draw current from a PN junction diode without having light shining on it we can apply 
external voltage with polarity opposite to that of built-in voltage, in other words we can apply 
forward bias on a diode. In this way the potential barrier opposing the diffusion of carriers will 
reduce and some diffusion will take place. When the applied forward voltage reaches 
approximately the built-in voltage magnitude the diffusion current will start to increase drastically 
(Figure 3). Overall, the primary source for the PN junction diode drawing current comes from the 
diffusion mechanism. If we change polarity of the external voltage on a diode from forward to 
reverse bias the barrier will become larger and even the small leftover diffusion will vanish. 
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Figure 3: Characteristic IV curve of a PN junction diode. 
When the sunlight comes into play, additional source of current starts to exist. In particular, 
electron-hole pairs (EHPs) which are created after the absorption of light, reach the depletion 
region and get collected. The reason this happens is that the depletion region contains strong built-
in field which can sweep the carriers effectively into the corresponding regions making them 
majority carriers, which eventually reach the PN junction terminals. However, the difference 
between this mechanism and the one which a regular diode is based on is that the collection of 
created EHPs happens by the drift phenomenon in the depletion region, whereas diode is drawing 
current by the diffusion mechanism. Therefore, when a solar cell becomes operational, i.e. when 
the light is shining on it and the external voltage is applied at the same time, the diffusion and drift 
currents will have opposite flowing directions. Since for the solar cell we are interested in light 
generated current, positive direction of current is taken to be the direction of drift current. So when 
we put both currents together the final characteristic IV curve of a solar cell looks as in Figure 4. 
If we compare Figure 3 with Figure 4, we can see that basically what happened to the diode IV 
was that first it was shifted down by the amount equal to the light generated current and then was 
symmetrically reflected about the horizontal axis (due to the redefinition of positive direction). 
The vertical intercept of the curve in Figure 4 is the case when we short circuit the solar cell and 
have light shining on it, hence it’s called the short-circuit current (𝐼𝑠𝑐). The horizontal intercept of 
the curve is the case, when the circuit is open and the light generated carriers just accumulate in 
both n- and p-regions building up the voltage (this phenomenon is called photovoltaic effect), 
therefore it’s called the open-circuit voltage (𝑉𝑜𝑐).  The efficiency of a solar cell is proportional to 
the product of the short circuit current and the open circuit voltage. 
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Figure 4: Characteristic IV curve of a PN junction solar cell. 
There is one fundamental problem when dealing with the generation and collection of free 
electron-hole pairs. Since the sunlight contains the whole spectrum of wavelengths different 
wavelength gets absorbed differently due to the fact that the absorption coefficient is a function of 
wavelength. Higher wavelengths penetrate deeper into the material before they are absorbed, 
whereas lower wavelengths are more energetic and are absorbed in thinner layers. There will be 
no absorption beyond the wavelength corresponding to the bandgap of a semiconductor. Since for 
the optimal collection of generated EHPs they’d better be generated close to or in the depletion 
region, there will be a certain interval of wavelengths optimal for such collection. EHPs generated 
further from the depletion region will recombine and they won’t contribute effectively to the light 
generated current. The ratio of the number of collected EHPs to the number of incident photons at 
a given wavelength is called Quantum Efficiency and it’s a function of the wavelength. Generic 
form of solar cell quantum efficiency is shown in Figure 5. At very low wavelengths the light is 
absorbed in first few layers of a solar cell and generated EHPs are hardly collected, whereas 
beyond the band-gap wavelength EHPs are hardly absorbed. Quantum efficiency peaks 
somewhere in the middle of wavelength spectrum depending on where the depletion region forms 
and its width depends on what the diffusion length of corresponding P and N regions are for the 
minority carriers. Quantum efficiency measurements are crucial for deeper understanding of the 
underlying physical structure of a solar cell. 
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Figure 5: Characteristic QE curve of a PN junction solar cell. 
 
Cadmium selenide solar cells 
The material under research is cadmium selenide. This is an inorganic II-VI compound 
semiconductor of the n-type. Its bandgap is about 1.7 eV which makes it an excellent candidate 
for the tandem solar cell with silicon. Among the advantageous structural properties of cadmium 
selenide are: its very low water solubility, the fact that it doesn’t easily decompose thermally unlike 
many organic semiconductors, solar cells made from it are characterized with low light 
degradation and it has high absorption coefficient peaking at 105 𝑐𝑚−1 allowing the fabrication 
of very thin film solar cells of about 1 or 2 microns thick. 
When it comes to making a PN junction solar cell cadmium selenide or CdSe plays the role of a 
natural N-region. As for the P-region we choose an organic P-type semiconductor. The principal 
reason for why not an inorganic P-type is that the CdSe thin films tend to have significant amount 
of pinholes even after very slow depositions leading to potential shorts on solar cell devices. 
Organic semiconductors come in forms of solutions originally and are deposited on top of CdSe 
thin films as such, filling out all the pinholes present in them. Given time they harden and form a 
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nice organic-CdSe PN junction. One of the common organic P-type semiconductors that we study 
is P3HT (polymerized version of thiophenes). P3HT forms nicely on CdSe layer. 
The overall structure of the device is the following: Gold contacts on top of the P3HT p-layer, 
CdSe n-layer, cadmium sulfide (CdS) n+ layer, transparent fluorinated tin oxide (FTO) and glass. 
The device is superstrate type (glass at the top from which light comes in) and when sunlight is 
incident on it first N-region is traversed followed by P-region (Figure 6). 
 
Figure 6: Solar cell structure. 
The purpose of adding CdS on top of CdSe is to make sure good ohmic contacts form at the FTO 
side. The fact that FTO is transparent and conducting makes it a candidate for an ohmic contact 
while ensuring that light can pass from that side and hence making superstrate device possible. 
The band diagram for such a device is shown in Figure 7. Remembering that the absorption 
coefficient of CdSe reaches about 105 𝑐𝑚−1 and neglecting the thickness of CdS (the exact 
thicknesses will be discussed in “Fabrication” section) most of the sunlight coming from the FTO 
side will be absorbed approximately in the first 100 nm of CdSe layer. If we look at the band 
diagram it’s easy to see that electrons should be collected on the FTO side and the holes on the 
gold side. Desired CdSe thickness is at least 1 micron, so when the EHPs are created at 100nm 
depth, holes as minority carriers will still have a long way to go to reach the depletion region and 
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be collected meanwhile going through the recombination on grain boundaries of CdSe and greatly 
reducing current. Obviously bigger grains are preferable for higher diffusion lengths and 
consequently higher currents. Electrons are better off in this case, they don’t care about low 
diffusion length since they are the majority carriers at the point of EHP generation. Moreover, 
CdSe conduction band edge is very well aligned with that of CdS, making the transition of 
electrons to FTO very smooth. 
 
 
 
Figure 7: Band bar alignment for the device along with its structure. 
As for the open circuit voltage, we can see the misalignment of CdSe and P3HT valence band 
edges of about 0.6 eV. This misalignment is the effective reducer of the open circuit voltage. Since 
the maximum theoretical 𝑉𝑜𝑐 is the band gap of CdSe with 1.7 volts, valence band mismatch sets 
the maximum theoretical 𝑉𝑜𝑐 to 1.1 volts. The only way this problem can be resolved is by finding 
a better organic p-layer with a valence band edge which will be aligned with that of CdSe. 
 
Fabrication 
The fabrication of CdSe solar cell device starts with pre-deposited FTO on glass substrates which 
have square forms with 1 inch sides. These substrates go through painstaking cleaning process of 
sonication in DI water with surfactant, acetone and methanol one after another. After the cleaning 
substrates are ready to be loaded into the thermal evaporator (Figure 8) specifically built for the 
purpose of depositing thin layer of cadmium sulfide and the layer of cadmium selenide. 
CdS (n-Type)
CdSe (n-Type)
P3HT(p-Type)
FTO (n-Type)
Au 
NIP
-4.4eV
FTO
CdS
n-type
Eg 
2.5eV
-3.9eV
-6.4eV
CdSe
n-type
Eg 
1.7eV
-4.1eV
P3HT
p-type
Eg 
2eV
-3.2eV
-5.2eV
-5.8eV
-5.1eV
Au
10 
 
 
Figure 8: (left) Thermal evaporator chamber (right) Chamber taken off – crucible furnaces. 
The thermal evaporator contains 2 Luxel furnaces (smaller one and bigger one) consisting of wires 
wound into cylindrical shape where the material crucibles are located. When the current is applied 
on the wires they heat up the crucible with the resistive heating method. At high temperatures the 
sublimation of materials (either CdS of CdSe) becomes significant and shutter to the substrate 
holder can be opened to start the deposition. A quartz crystal is fixed next to the substrate holder 
and is connected to the thickness monitor so that its vibrational frequencies can be converted into 
deposition rate and thickness be measured. Finally, when desired thickness is reached, the shutter 
lobe at the substrate holder can be closed again and the current into the furnaces shut off. 
Obviously, the whole process has to be proceeding at very low pressures of about one millionth of 
a Torr, so mechanical and turbo pumps play crucial role for the whole system. 
CdS is stored in a smaller crucible because only small amount of them is needed for the deposition 
of thin layers, whereas CdSe is stored in a bigger crucible. Additional heating source is connected 
to the substrate holder, so that during the deposition on a substrate it’s hot enough for the grains to 
form well on it. 
The fabrication details for both cadmium sulfide and cadmium selenide are given below: 
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Deposition of CdS: 
 
• Vacuum – 5 ×  10−6 torr 
• Substrate temperature = 200 ℃ 
• Shutter open at 0.5 A/s 
• Crucible temperature ~700 − 720 ℃ 
• Standard Thicknesses ~ 100 nm 
 
               Deposition of CdSe: 
 
• Vacuum – 2 ×  10−6 torr 
• Substrate temperature = 400 ℃ 
• Shutter open at 0.5 A/s, closed at 5 A/s  
• Crucible temperature ~600 − 700 ℃ 
• Standard Thicknesses - 0.5𝜇𝑚, 1.0𝜇𝑚, 
2.0𝜇𝑚 
 
 
Next step of fabrication is a very crucial one. CdSe layer which was deposited after CdS has to be 
treated with cadmium chloride solution. The reason for that is obvious – as it has already been 
mentioned before recombination at the grain boundaries kills the minority holes and drastically 
decreases current. What cadmium chloride solution allegedly does is that it causes the 
recrystallization and grain growth of the CdSe layer. Bigger grains are vital for the decrease in 
recombination and for the increase in short circuit current. 
Cadmium chloride (CdCl2) comes in powder form when bought and is very well soluble in water. 
We make 2% solution of it in DI (deionized) water. Then we apply several drops on CdSe thin 
film and we spin-coat the substrate at 3000-4000 rpm. In order the solution to diffuse well into the 
layer thin films are inserted into a furnace where they are heat treated at about 450 degrees Celsius 
for either 2 or 10 hours. P3HT layer and gold contacts follow right after the cadmium chloride 
treatment and with them the device is ready for the measurements. 
 
Results 
SEM images of cadmium selenide layers before and after cadmium chloride treatment show that 
grains get bigger and also they become well defined compared with the initial blurry boundaries 
of the untreated grains. They increase in size by as much as factor of five from about 300 nm to 
almost 1.5 micron (Figure 9). 
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Figure 9: Grains of CdSe before and after cadmium chloride treatment. 
As expected with cadmium chloride treated devices, the short-circuit current increases with longer 
treatments. The Figure 10 shows the IV curves for 3 devices with no treatment, 2 hour and 10 hour 
treatments. Thickness of CdSe is 0.5 micron in this case. 
 
Figure 10: IV curves on CdSe devices with different treatment conditions. 
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The QE of the same devices are given in Figure 11: 
 
Figure 11: Quantum efficiency for different treatment procedures with cadmium chloride. 
As expected quantum efficiency peaks get higher with longer cadmium chloride treatment lengths. 
Since we are dealing with the superstrate CdSe devices of 500 nm thick, it makes sense that even 
though the absorption at low wavelengths is high, the depth of absorption is very low and the EHPs 
are created in the first few layers of CdSe so that the holes can’t reach the depletion region to be 
collected, hence the lower QE at lower wavelengths. QE peaks at about 700 nm which corresponds 
to the absorption close to the depletion region. 
 
Conclusion 
The fundamental problems that we are facing with the CdSe based solar cells are essentially two. 
One is the misalignment of valence band edges of CdSe and P3HT which yields lower open-circuit 
voltages. The only solution for this problem is to find another organic p-type layer which will have 
the valence band close to  -5.8 eV and its band gap will be higher than that of CdSe. Another 
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problem comes from small grains which reduces the mobility of minority holes in CdSe layer and 
hence decreases the short-circuit current. Better treatment conditions have to be found such that 
the cadmium chloride solution will penetrate deeper into CdSe layer and recrystallize larger 
volume of it, potentially causing more grains to grow. 
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